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Kogelnik's coupled-wave theory for thick phase gratings predicts that the diffraction efficiency is given by ϰ sin 2 with ϭ G⌬ nd/, where G is a geometrical factor that depends on the polarization of the beams and the experimental geometry, ⌬ n is the dynamic range, d is the thickness of the grating, and is the wavelength of the light. 20 The electromechanical properties of a monomolecular film of poly-␥-benzyl-L-glutamate (PBLG) 15 nanometers thick grafted at the carboxyl-terminal end to a flat aluminum surface were measured. The field-induced change in film thickness, dominated by a large inverse-piezoelectric effect, demonstrates that the "grafting-from" technique forces the chains into a parallel arrangement. The mechanical plate modulus of the film as determined by electrostriction agrees with the theoretical prediction for a single PBLG molecule along the chain axis. The experiments show that ultrathin polypeptide layers with large persistent polarization can be fabricated by the grafting approach.
One of the challenges of supramolecular chemistry is the manufacture of ultrathin layers with a perceptible and stable polar order. Such materials have potential in the construction of nanoscale piezo-and pyroelectric devices and for electrooptical applications. Techniques that have been used or suggested include the poling of initially nonpolar polymer films (1), the LangmuirBlodgett (LB) assembly of polar monolayers (2) , and, more recently, the defined growth of films of polar polymers by self-assembly (3) or grafting (4). In particular, the grafted films of polyglutamates have attracted interest for the fabrication of polar films (4) (5) (6) (7) (8) (9) (10) . Poly-L-glutamates in the ␣-helical conformation are generally considered as prototype materials. The rodlike structure of the polar ␣-helix gives rise to some unique properties such as a high persistence length and large optical and mechanical anisotropy. In the helical conformation, the dipole moments of the individual repeat units along the chain add up to a large total dipole moment (11) . Attempts have been made to orient polyglutamates by an electric field (12) , and the net orientation was investigated by x-ray diffraction or second harmonic generation. However, as a consequence of the large dipole moment, the polar alignment of neighboring polypeptides helices is energetically unfavorable. The "grafting-from" approach makes possible the directional alignment of the helical molecules (Fig. 1) , as was first demonstrated by the work of Whitesell and Chang (6) . These investigators first decorated the surface of a flat metal or metal oxide film with a layer of organic material exhibiting free amino groups by a self-assembly process and then started the polymerization of N-carboxyanhydrides of ␣-Lamino acids (NCAs) to obtain poly-L-amino acids. These amino acids are covalently attached at their COOH-terminal end to the surface and, depending on the type of amino acid used, grow directly in a helical conformation. Whitesell and Chang concluded that the chain orientation is mainly normal to the surface (6). However, to date, there is no conclusive evidence for proposed polar order in grafted polypeptide films.
We have measured the electromechanical properties of a grafted layer of poly-␥-benzyl-L-glutamate (PBLG) using a Nomarski optical interferometer (Fig. 2) . Winkelhahn et al. have shown that this setup is capable of detecting periodic thickness changes with subpicometer resolution at modulation frequencies between 10 Hz and 100 kHz (13, 14) . The experimental data can yield the degree of polar order and the mechanical plate modulus of the ultrathin layer.
We constructed sandwich-type structures by growing a thin layer of PBLG on the surface of a glass substrate previously coated with thin aluminum strip electrodes (15) . The self-assembled initiator layer was derived from triethoxy aminopropylsilane according to the procedure of Haller (16). This process generates a large surface density of amines on the substrate and prevents pinholes due to holes in the initiator layer (17). The surface graft polymerization initiated by the surface-anchored amino groups was carried out at 40°C in a 0.5 M solution of N-carboxyanhydride monomer in N,N-dimethylformamide for 2 days under nitrogen atmosphere. Further experimental details on the polymerization will be published elsewhere (18). The thickness of the grafted layer was 15 nm, as determined with a Tencor ␣-step profiler (19). The top aluminum strip electrodes were deposited with an orientation perpendicular to that of the bottom strips. In this way six independent capacitors with an area of 16 mm 2 were formed, of which two were functional.
A second PBLG film was grafted onto an aluminum-coated glass substrate under identical conditions and analyzed by infrared (IR) spectroscopy. The grafted polymer chains exist in the ␣-helical conformation, as demonstrated by the spectral positions of the amide I (1655 cm Ϫ1 ) and amide II (1551 cm Ϫ1 ) absorption bands (Fig. 3A) . In the grazing-incidence IR (GIR) absorption spectrum only vibrations with transition dipole moments perpendicular to the substrate are observed. Because the transition dipole moment of the amide I vibration is directed almost parallel to the polymer backbone, LB films with PBLG helices oriented parallel to the substrate have rather weak amide I bands (Fig. 3B) . In contrast, the PBLG grafted layer shows amide I and amide II bands of similar strength (20). This means that the helices are standing upright on the surface although they are presumably tilted significantly toward the substrate. This second sample was further characterized by x-ray photoelectron spectroscopy (XPS) experiments. The sample exhibited a uniform, substrate-free signal indicative of a homogeneous film with low pinhole density.
The electromechanical experiment measures the change in film thickness h as a function of the applied electric field E:
where d is the inverse-piezoelectric coefficient, a is the electrostriction coefficient of the polymer layer, and h 0 is the film thickness without external bias. For an ac electric field with amplitude E AC and frequency , the field-induced thickness change ⌬h as a function of time t is given by
with frequency components at 0, 1, and 2. In the experiment we separated the different contributions using frequency-selective lock-in detection.
We investigated the inverse-piezoelectric and electrostriction response of the grafted film for a range of frequencies of the film thickness modulation (Fig. 4 and Table  1 ). Both intact capacitors gave comparable results. Expressions for d and a are derived in (13, 14, 21) :
where εЈ() is the real part of the dielectric constant at the ac modulation field frequency and εЈ( 0 ) the dielectric constant at optical frequencies; p is the frequency-dependent plate compliance. If the real part of the dielectric constant εЈ of the material is known, then it is possible to calculate the polarization P 0 from the ratio of the coefficients of the inversepiezoelectric effect and the electrostriction. For most organic materials, εЈ( 0 ) at optical frequencies is close to 2.5. Values for εЈ() of the PBLG film should be comparable to those reported for polymeric films at frequencies above the major dipole relaxation regime (22). For the data analysis values between 3 and 4 were chosen independent of frequency.
The value of P 0 as determined from the experimental data (Table 1) varies between 16 and 32 mC m
Ϫ2
. The polarization decreases with increasing modulation frequency. This behavior is not yet understood, but it might indicate that the value for P 0 is affected by a tilting motion of the rodlike molecules or by a motion of the side chains. An estimate of the static polarization can be made on the basis of (22): (13, 14) . The sample consists of a thin film sandwiched between a bottom electrode and two smaller top electrodes. At these electrodes two perpendicularly polarized beams are reflected. When voltage U is applied between only one of the top electrodes and the bottom electrode, the resulting change in film thickness causes a phase shift between the probe and reference beam. In the detection arm of the interferometer the recombined beam is split by a Wollaston prism into two beams with intensities A and B of perpendicular polarization and directed onto two photodiodes. At the working point of the interferometer, the difference of the two diode signals is proportional to the electric field-induced change in film thickness. The spot size of the laser beam reflected at the top electrode was ϳ1 mm. SCIENCE ⅐ VOL. 279 ⅐ 2 JANUARY 1998 ⅐ www.sciencemag.org tion is 26 mC m Ϫ2 . This estimate is very close to the average of the measured values for P 0 . A more detailed interpretation would need to take into account the average tilt of the polymer chains relative to the surface normal.
A pseudo inverse-piezoelectric effect can also be measured in nonpolar materials in the presence of a dc offset field E bi as, for example, caused by a built-in field across the sandwich layer. In this case, we must substitute for d in Eq. 2 an effective piezoelectric coefficient dЈ ϭ d ϩ 2aE bi . We have measured the electromechanical properties of LB films of "hairy-rod" type polyglutamates (24) in a similar sandwich geometry between two aluminum electrodes. In these films the chains are exclusively oriented parallel to the substrate plane and the polarization is expected to be zero. For all LB films that we studied the piezoelectric (1) component was much smaller than the electrostriction (2) signal. This result demonstrates that the inverse-piezoelectric effect of the grafted films is caused by the large polarization in the film resulting from the polar alignment of the polymer chains.
The plate compliance of the grafted film can be evaluated from the electrostriction coefficient (Eq. 3). The plate modulus L (defined by the inverse of the plate compliance) varies between 37 and 47 GPa (Table  1) , but there is no clear correlation with modulation frequency. These values are close to a Young's modulus of 34 GPa predicted for a single PBLG chain in a freebackbone simulation (25). In comparison, the determination of the elastic constants by Brillouin spectroscopy of "hairy-rod" type octadecyl 0.3 -co-methyl 0.7 -polyglutamate LB films yields a mechanical constant parallel to the rod of 10 GPa (26). Bulk values for the Young's modulus are even smaller (27, 28) . Matrix effects as well as a more isotropic chain orientation are thought to account for these lower values.
Because the piezoelectric coefficient is proportional to the compressibility of the layer, the large mechanical modulus along the ␣-helical chain dampens the hope that ultrathin layers with huge piezoelectric coefficients can be built from polyglutamates. Even though the persistent polarization is large, comparable to values observed in ferroelectric polymers (29) , the inverse-piezoelectric coefficient only reaches a level similar to that of quartz. Large piezoelectric and inverse-piezoelectric coefficients have been reported for materials such as BaTiO 3 (31) . Despite the low inverse-piezoelectric coefficient of the grafted layer, the voltage sensitivity (defined as d/ε) is, however, quite comparable to that of commercially used piezoelectric materials. The advantage of the "graftingfrom" concept is its feasibility for the growth of piezoelectric-active films directly on a variety of electrodes and even on flexible substrates, without the need for subsequent poling. Fig. 4 . Field-induced change in film thickness ⌬h due to the piezoelectricity (ᮀ) and electrostriction (s) of a grafted PBLG layer 15 nm thick. In the electrostriction experiment the frequency of the ac driving field was half the frequency used for the determination of the inverse piezoelectric coefficient (frequency ϭ 1986 Hz). In (A) the field-induced modulation in thickness is plotted as a function of the amplitude U of the applied sinusoidal voltage. The slope of the linear fit to the piezoelectric date yields the inverse-piezoelectric coefficient d. In (B) the electrostriction data are plotted as a function of U 2 /h 0 . The linear regression yields the electrostriction coefficient a. Table 1 . Coefficients of the inverse-piezoelectric effect d and electrostriction coefficients a of a PBLG graft film 15 nm thick, measured at different frequencies of the field-induced change in film thickness (voltage range U ϭ 0 to 3 V ). We calculated the polarization P 0 and the plate modulus L ϭ p Ϫ1 from these values for each frequency, using Eqs. 3 and 4. The indicated errors for P 0 and L correspond to the range of values taken for Ј(), which was varied between 3.0 (lower limits) and 4.0 (upper limits).
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